Groundwater has been a very precious resource for human life and economic development in the world. With increasing population and food demand, the groundwater use especially for agriculture is largely elevated worldwide. The very much large groundwater use results in depletion of major aquifers, land subsidences in many large cities, anthropogenic groundwater contamination, seawater intrusion in coastal areas and accompanying severe conflicts for water security. Furthermore, with the advent of changing climate, securing freshwater supply including groundwater becomes a pressing and critical issue for sustainable societal development in every country because prediction of precipitation is more difficult, its uneven distribution is aggravating, weather extremes are more frequent, and rising sea level is also threatening the freshwater resource. Under these difficulties, can groundwater be sustaining its role as essential element for human and society in the near future? We have to focus our efforts and wisdom on answering the question. Korean government should increase its investment in securing groundwater resources for changing climate.
Groundwater Use in the World
Groundwater has long served human and society with a variety of ways including drinking, domestic use, irrigating crops (agriculture), business and industries and it is the natural material that the annual production is the largest (Struckmeier et al., 2005) . Worldwide annual groundwater abstraction is in the range of 600-1,100 km 3 per year, being 20-33% of total global freshwater abstraction for the various uses (Zektser and Everett, 2004; Shah et al., 2007; Döll, 2009; Siebert et al., 2010) . Among them, the irrigation is the dominant use (Siebert et al., 2010) , accounting for about 60% of groundwater abstraction and groundwater is supplying 25-40% of drinking water (but 80% in Europe and Russia) in the world (Vrba and van der Gun, 2004; Struckmeier et al., 2005; NGWA, 2013) .
According to Wada et al. (2010) , the global groundwater abstraction was 312 km 3 /year in 1960 (this figure is not that much reliable because the global groundwater use data were not existing then and also now), but it steadily increased to 734 km 3 /year in 2000 ( Fig. 1(a) ), which is 135% increase for the period. Now in 2013, the groundwater abstraction is estimated to be about 982 km 3 /year (Margat and van der Gun, 2013) . The large groundwater abstractions are led by 15 countries including India, China, United States (US) and Bangladesh (NGWA, 2013; Table 1 ). Except only some nations like Indonesia, Russia, Japan, and Thailand, most countries consume groundwater dominantly for agricultural irrigation (Shah, 2009; Margat and van der Gun, 2013 ).
India's groundwater use has been exploding since 1960 (Fig. 1(b) ) and thus there is a growing concern regarding this kind of water scavenging economy (Shah, 2009) . Even though India receives a large amount of annual rainfall (averagely 2,000 mm/year but it is not equally distributed, 200-4,000 mm/year over the country), the irrigation area is also greatly increasing (e.g., tripled to 33.1 Mha for 1970 Rodell et al., 2009 ) and thus meeting this irrigation water demand is causing a severe groundwater depletion and water crisis (Rodell et al., 2009 Viewing the increasing patterns of groundwater use (see Fig. 1(b) ), future of China is not that much optimistic. Compared with India (89%), its groundwater abstraction for irrigation purpose is very low (54%) but total groundwater pumping is steadily increasing through 1960-2000. In the meanwhile, the groundwater use in the sector of industry is very notable (26%). The China's economy is rapidly developing and expanding cultivated irrigation and water supply for urban and industrial development, resulting in overdraft of groundwater (Changming et al., 2001) . Recently, shale gas development aggravates this water situation because the new technology, called fracking, applied for the gas development requires a large quantity of freshwater injection (20 million liters of water into each gas well; Howarth et al., 2011) . China is the top country having technically recoverable shale gas resource and thus the energy source never be given up (Lee et al., 2015) .
Even though the groundwater use in the US is also large, its trend is much different from the countries above. The groundwater abstraction was steadily increasing until 1990 but after then it was not elevated until 2010 (see Fig. 1(b) ).
But the US is one of the largest agricultural production countries including China, Brazil, India, and Argentina (USDA, 2015) and thus irrigation purpose is predominant Groundwater depletion occurs when the abstraction exceeds its recharge, resulting in insustainability of water supplies, land subsidence and seawater intrusion (Wada et al., 2010) . So the long-term groundwater over-exploitation indicated above has caused groundwater depletion in the world (Konikow and Kendy, 2005; Rodell et al., 2009; Famiglietti, 2014) . And many of depleted aquifers are not renewable. According to Taylor et al. (2013) , the worldwide total groundwater depletion is 145 to 204 km 3 per year (Table 2) . Among many continents, Asia has led this large depletion (73.5-76.5%) because it is mainly related with the great groundwater abstraction in India, China, Pakistan, and Bangladesh for agriculture. It is very disappointing that this depletion rate is steadily increasing (see Fig. 1 (a) ; Wada et al., 2010) . Even the groundwater depletion affects substantially the sea level rise (Konikow, 2011) . 
Climate Change and Groundwater
Even though there are still disputes on causes of the global warming by either natural or anthropogenic, we generally reach a consensus that the climate is changing both globally and locally. So the climate extremes (droughts and floods) are common (Easterling et al., 2000; Lee et al., 2015) . With context of water resources management, the most important thing we must consider in this stage is to predict precipitation over time and space with enough spatial resolution and reliability. Our efforts for this seem a little bit successful under low and high CO 2 emission scenarios using various climate models even though the spatial resolution is not that much good (USGCRP, 2009; USEPA, 2015) .
For example, for the end of this century (~2100) under high emission scenario, in the winter, the precipitation will increase by 5-40% in the middle and north US, and Canada while the south US will get a less precipitation by 5-40%, than the recent precipitation (USGCRP, 2009). But in summer, the precipitation will decrease in the south US and even in middle US while the increase by 5-30% will be shown only in north Canada (USGCRP, 2009). It is summarized that the upper US and Canada will have more precipitation and the lower US will have less precipitation in the end of this century. Viewing the Korean Peninsula for RCPs 4.5 and 8.5, the precipitation in winter will be 3.0-7.2%
increase while that in summer will be 2.8-5.6% increase for the period of 2006-2049, but a wide spatial variation is noted (KMA, 2014). However, nevertheless of the above predictions for US and Korea, the reliability of the results cannot be guaranteed because the prediction uncertainties were not quantified . But that is the best at this time. (Table 3) . Eckhardt and Ulbrich (2003) projected groundwater recharge for 2070-2099 using greenhouse gas emission scenarios and SWAT model in the Dill catchment in Germany. The study said that groundwater recharge and streamflow will be reduced by up to 50%, which can be a threat to water availability, water quality, and hydropower generation.
The Ogallala aquifer is one of the most productive water resources in the U.S. and about 30% of irrigation groundwater is from this aquifer (Rosenberg et al., 1999) . Rosenberg et al. (1999) predicted reduction of groundwater recharge up to 77% for three climate models, which will greatly aggravate the water situation in this depleting aquifer Using regional climate models (with RCPs 4.5 and 8.5) and a simple precipitation-recharge-groundwater level equation, they predicted the groundwater level changes in four river basins for 2000-2100. They concluded that the groundwater levels will be decreasing at all the basins with the two climate scenarios even though rainfall is projected to increase.
This result gives us some implications for water resources management strategy. In that case, we have to seriously consider less water consuming agricultural practices, especially in high land cool vegetable fields and intensive agricultural areas (Lee et al., 2012) .
All the above studies indicate that groundwater recharge and groundwater level are largely varying (decreasing or increasing) responding to climate change and their variations will be much different with locations. But the prediction reliability largely depends on the climate models and thus they should be refined. Based on the improved climate models, the projections on the groundwater must be downscaled to practical application.
Threats in Coastal Areas
Recent global warming and climate change result in a worldwide sea level rise ( Fig. 2 ; Parris et al., 2012) due to thermal expansion of seawater, water addition into oceans from melt glaciers and ice sheets, water input from groundwater depletion, etc. (Rahmstorf, 2007; Lee and Song, 2009; Konikow, 2011 ). This kind of sea level rise is accelerated in the 20th century, which gives us a confirmation that a large portion of the rise is anthropogenic (Church and White, 2006; Nicholls and Cazenave, 2010) . eventually lose their lands, homes and jobs (businesses) due to the rising sea level (Nicholls et al., 1999; USEPA, 2014) .
The lessened beach will not provide a space for a variety of beach recreational activities and the rising sea level will expel coastal plants and animals, and destroy the coastal ecosystems. We cannot be provided further valuable ecoservices by this spoiled coastal nature.
What will happen with coastal groundwater? In coastal area, seawater is intruding the lands due to density difference. The interface between freshwater and saltwater is given by the Ghyben-Herzberg relation (Verrjuit, 1968) , assuming sharp interface, as follows:
where z and h are the thicknesses of the freshwater zones below and above the sea level, respectively, and ρ f and ρ s are the densities of freshwater and saltwater, respectively. If the sea level rises (the saline water heads are increasing), h becomes smaller at a fixed surface point and thus z is also becoming smaller, which means that the interface is much retreating landward. If the sea level rise becomes larger, the retreat is much greater. This kind of the saltwater encroachment poses a substantial threat to coastal crop production due to increased salinity of irrigation water, especially in western agricultural areas of Korea .
So the sea level rise causes a big loss in groundwater resources. According to Nicholls and Cazenave (2010) It can be summarized that the sea level rise derived from global warming and climate change is a big threat to groundwater resources in coastal areas in the world. Thus, without appropriate mitigation measures, we will face devastating consequences including loss of water supply, groundwater inundation, and land subsidence.
Discussion
It is fairly certain that there are some pressing groundwater issues that we have to pay attention to, including changing climate, groundwater depletion, and sea level rise (Gorelick and Zheng, 2015) . Korea is also facing most of these problems such as changing precipitation (Jang et al., 2015) , sea level rise (Kim et al., 2009) , and seawater intrusion especially in western coastal areas Song et al., 2007) . Surface water is the most vulnerable to climate change, unlike groundwater. Nevertheless of this, Korean government has insisted so called surface water oriented water policy for a long time. It is known that this country is depending on groundwater at 11.5% (3.91 billion m 3 per year) among total water use (NGIC, 2015) .
But the Korean government has only invested its budget (on water) in groundwater below 0.5%, the left is all allocated to surface water management. Korean people do not have any belief in quality of surface water or piped water (Lee et al., 2013) , so they usually boil the piped water for drinking or they buy bottled waters made of groundwater. But it is much disappointing that government officials and people do not recognize the values of the precious groundwater as resources.
In the era of climate change, the groundwater is the last resort to water resources. But it must overcome many challenges like climate extremes, over-exploitation, and sea level rise, for sustainable use. Most importantly, it is pressing to teach people and government officials to know the groundwater's value. As seen above, the overdraft is surely a big problem but the underutilization of groundwater is also causing many problems like uneconomic abandonment of the precious water resource, urban inundation, etc.
( Lee and Koo, 2007; Giordano, 2009) . Will the groundwa- ter be still promising in the future? It depends on efforts of relevant communities including university professors, researchers in institutions, and groundwater professionals in many companies. Without due attention, they will lose groundwater and also their job and business.
